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ABSTRACT OF DISSERTATION 
 
 
 
QUANTIFICATION OF MYOCARDIAL MECHANICS IN LEFT VENTRICLES 
UNDER INOTROPIC STIMULATION AND IN HEALTHY RIGHT VENTRICLES 
USING 3D DENSE CMR 
 
Statistical data from clinical studies indicate that the death rate caused by heart disease 
has decreased due to an increased use of evidence-based medical therapies. This includes 
the use of magnetic resonance imaging (MRI), which is one of the most common non-
invasive approaches in evidence-based health care research. In the current work, I present 
3D Lagrangian strains and torsion in the left ventricle of healthy and isoproterenol-
stimulated rats, which were investigated using Displacement ENcoding with Stimulated 
Echoes (DENSE) cardiac magnetic resonance (CMR) imaging. With the implementat ion 
of the 12-segment model, a detailed profile of regional cardiac mechanics was 
reconstructed for each subject. Statistical analysis revealed that isoproterenol induced a 
significant change in the strains and torsion in certain regions at the mid-ventricle level. In 
addition, I investigated right ventricular cardiac mechanics with the methodologies 
developed for the left ventricle. This included a comparison of different regions within the 
basal and mid-ventricular regions. Despite no regional variation found in the peak 
circumferential strain, the peak longitudinal strain exhibited regional variation at the 
anterior side of the RV due to the differences in biventricular torsion, mechanism of RV 
free wall contraction, and fiber architecture at RV insertions. Future applications of the 
experimental work presented here include the construction and validation of biventricular 
finite element models. Specifically, the strains predicted by the models will be statistica lly 
compared with experimental strains. In addition, the results of the present study provide an 
essential reference of RV baseline evaluated with DENSE MRI, a highly objective 
technique. 
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1 
1 Introduction 
1.1 Motivation 
Latest statistics from CDC WONDER online database indicate that heart disease was 
the most common cause of death for both men and women in the United States from 1999-
2014 (CDC). The good news is that the death rate attributable to heart disease was 
decreased by 24% from 1999 to 2014 (CDC), and studies reveal that 47% of the decrease 
in US deaths caused by coronary heart disease was credited to the increasing use of 
evidence-based medical therapies from 1980 to 2000 (Ford et al., 2007). Among many 
approaches for evidence-based health care practices magnetic resonance imaging (MRI), 
which is a non-invasive technique, has become widely used and a gold standard in 
cardiovascular diagnostic therapies. 
 
1.2 Anatomy of the Heart 
The basic anatomy of the heart is shown in Figure 1.1. There are four chambers in the 
heart, two large chambers known as ventricles and two smaller chambers know as atria. 
The wall separating the left and right ventricles is called the septum, while the rest part of 
wall is called free wall. The septum is convex toward the right ventricle (RV) during a 
cardiac cycle. In human hearts, the RV volume is larger than the left ventricle (LV) volume. 
There are also four important valves inside the heart. Two valves connecting the ventric les 
and the atria are termed atrioventricular (AV) valves. They are the mitral valve between 
2 
left ventricle and left atrium and the tricuspid valve between right ventricle and right atrium. 
Another two valves connecting the ventricles and the arteries are termed semilunar valves. 
Between the left ventricle and aorta is the aortic valve, while between the right ventric le 
and pulmonary artery is the pulmonic valve.  
 
Figure 1.1: Structure Diagram of the human heart from an anterior section 
(en.wikipedia.org/wiki/Ventricle_(heart)) 
The ventricles can be divided into the base, the middle cavity, and the apex along the 
longitudinal direction. The base of ventricles is the uppermost and widest part, where the 
right ventricle (RV) is attached to venae cavae and left pulmonary artery, and where the left 
ventricle (LV) is attached to aorta and left pulmonary veins. The apex of ventricles is the 
3 
lowest part. Their directions are shown in the anterior view of human body (Figure 1.2). 
The base directs upward and pointing to the right shoulder, while the apex is downward, 
forward, and leaning toward the left shoulder. 
 
Figure 1.2: Heart location from an anterior view of human body (Prentice Hall, 2016) 
There are three transmural layers in the ventricular wall (Figure 1.3). The endocardium 
is the innermost layer, while the epicardium is the outer layer of heart tissue. The 
myocardium is the majority of ventricular wall between endocardium and epicardium. The 
myocardium is composed of bundles of myofibers, organized into sheet-like structures, 
which are responsible for ventricular contraction. The angle of these fibers varies from near 
60° at the endocardium to near -60° at the epicardium, relative to the circumferentia l 
direction (Streeter et al., 1969). 
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Figure 1.3: Layers of the heart wall (en.wikipedia.org/wiki/Endocardium) 
 
1.3 Physiology of the Heart 
When the heart is beating, contraction and relaxation occur alternately, and each 
heartbeat is called one cardiac cycle (shown in Figure 1.4). Heart rate is used to describe 
the frequency of the heartbeat. The most common unit is beats per minute. A cardiac cycle 
can be divided into two phases, systole and diastole, or five stages (summarized in Table 
1.1). 
5 
 
Figure 1.4: Wiggers Diagram of a cardiac cycle 
(en.wikipedia.org/wiki/File:Wiggers_Diagram.png) 
Table 1.1: Phases and stages of cardiac cycle 
Cardiac phases Cardiac stages Av valves Semilunar valves 
Systole 
1. Isovolumetric contraction Closed Closed 
2. Ventricular ejection Closed Open 
Diastole 
3. Isovolumetric relaxation Closed Closed 
4. Ventricular filling and atrial diastole Open Closed 
5. Ventricular filling and atrial systole Open Closed 
Ventricular systole starts from the QRS complex which can be detected by 
electrocardiography (ECG) (shown in Figure 1.4). During systole (shown in Figure 1.5a), 
6 
blood is pumped out of the heart from the left ventricle to systemic part of the body via the 
aortic valve, and from the right ventricle to the lungs via the pulmonic valve. The first two 
cardiac stages are at systole. In the first stage, since ventricles commence contraction but 
both valves are closed (shown in Table 1.1), no blood can go in or out of the ventricle. Thus, 
the ventricle is undertaking an isovolumetric contraction with a dramatically rising pressure 
(from time A to time B on Figure 1.6). In the second stage (from time B to time C on Figure 
1.6), ventricles continue to contract with a decreasing ejection rate. Eventually they reach 
minimum volume, which is known as end systole (ES). 
During diastole (shown in Figure 1.5b), blood is coming back to the heart because of 
relaxation. The oxygenated blood travels from the left atrium via the mitral valve to fill the 
left ventricle, while the deoxygenated blood travels from the right atrium via the tricuspid 
valve to fill the right ventricle. The next three cardiac stages commence at diastole. In the 
third stage, since both valves are closed again due to ventricular relaxation, volume stays 
the same. When ventricles continue to relax, pressure drops rapidly (from time C to time 
D on Figure 1.6). The fourth stage is known as early diastole, when both the atria and 
ventricles are relaxed and passively filled in decreasing rate. In the fifth stage, an atrial 
systole, the P wave appeared in ECG curve (Figure 1.4), indicates the beginning of late 
diastole. As atria contract, blood is driven into ventricles again. The additional flow of 
blood is known as the atrial kick. Ventricles reach maximum volume at the end, which is 
known as end diastole (ED). 
7 
 
          
                 (a) Systole                       (b) Diastole 
(en.wikipedia.org/wiki/File:Heart_systole.svg) (en.wikipedia.org/wiki/File:Heart_diastole.png) 
Figure 1.5: Schematic of blood circulation with red arrows as oxygenated blood and 
blue arrows as deoxygenated blood 
 
Figure 1.6: Pressure volume loop of a typical human cardiac cycle (Center for 
Teaching and Learning in Columbia, 2016) 
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1.4 Segmentation of the Heart 
Depicted in Figure 1.7, in order to generate tomographic images, three cardiac planes 
are introduced during MRI (American Heart Association et al., 1992). These three 
corresponding views are perpendicular to each other. Two chambers, left ventricle and 
atrium, are seen in the vertical long-axis (VLA) view, while all four chambers are shown 
in the horizontal long-axis (HLA) view. 
 
Figure 1.7: Definitions of short axis (SA), vertical long-axis (VLA), and horizontal 
long-axis (HLA) views (Cerqueira, 2002) 
For regional analysis of ventricular function and myocardial perfusion, segmentat ion 
of the heart is necessary. Typically, 9 segments are employed for clinical applications in 
CMR (Cerqueira, 2002). A 9-segment model includes 1 apical segment (Figure 1.8b and 
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Figure 1.8c), 4 mid-ventricular segments (Figure 1.8a), and 4 basal segments (Figure 1.8a) 
(Slart et al., 2004). 
Along the direction of ventricular long axis, the LV is divided into equal thirds (apical, 
mid-ventricular, and basal slices) at end diastole. If the actual number of short-axis slices 
is more than three, all short-axis slices are then summed to create three thick short-axis 
slices. The true apex lies beyond the end of the left ventricular cavity. It can be evaluated 
from the 4-chamber view and 2-chamber view. 
As shown in Figure 1.8a, a myocardial ring corresponds to a short-axis section through 
the LV. Instead of right and left, the sides of each ring are named as septal and lateral. 
Likewise, the top and bottom of each ring are named as anterior and inferior respectively.  
From a view of human body, the septal side is closer to the chest than the lateral side. With 
regard to the circumferential location, two insertion points of the RV wall to the LV separate 
myocardium into septum and free wall, and the free wall has three evenly-distributed 
segments. 
          
(a) Short-axis view     (b) 4-chamber (HLA) view  (c) 2-chamber (VLA) view 
Figure 1.8: Schematic of segmentation of left ventricle (Cerqueira, 2002) 
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As American Heart Association (AHA) suggested (Cerqueira, 2002), each segment 
can be assigned to one of the 3 major coronary arteries of the left anterior descending 
(LAD), right coronary artery (RCA), and the left circumflex coronary artery (LCX). Their 
locations are demonstrated in Figure 1.9 and Figure 1.10. 
 
 
Figure 1.9: Assignment of the myocardial segments to specific coronary artery 
territories (Cerqueira, 2002) 
 
 
              (a) Anterior View                 (b) Inferior View 
Figure 1.10: Coronary arteries and major veins of the heart (Sky, 2017) 
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1.5 Cine Displacement ENcoding with Stimulated Echoes (DENSE) MRI 
Cine Magnetic Resonance Images are basically short movies with the ability to display 
average heart motion throughout the cardiac cycle. And DENSE technique provides tissue 
tracking which allows the analysis of myocardial deformation. As a result, a detailed profile 
of regional cardiac mechanics can be generated non-invasively. 
 
Figure 1.11: DENSE pulse sequence and representative outputs of DENSE acquisition 
 
A diagram of DENSE acquisition protocol is depicted in Figure 1.11 and a spiral pulse 
sequence for one frame sampling is demonstrated in Figure 1.12. Once the R wave in the 
θ 
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electrocardiogram is detected, the sequence is triggered and an initial Rf excitation with a 
specific flip angle θ is emitted. Meanwhile, imaging with slice selection is performed by 
applying a magnetic gradient Gss. Subsequently, two magnetic readout gradients GFE and 
GPE are generated in two orthogonal directions of a plane. GFE and GPE are k-cycle 
sinusoidal waves oscillating with a slowly increasing amplitude until they reach the 
amplitude limit. If a single effective readout gradient GRO is assumed to be the vector sum 
of GFE and GPE, GRO rotates with the fluctuations in GFE and GPE and spirals out with the 
increasing amplitudes of GFE and GPE. Consequently, GRO marches on the plane via a k-
space trajectory. Figure 1.13a shows a single k-space trajectory proceeded in a single 
readout window. This is referred to as an Archimedean spiral which can be expressed as an 
angle θ in terms of the radius of a specific trajectory point. By comparison, Figure 1.13b 
shows four interleaved k-space trajectories carried out in four readout windows. For the 
same spatial resolution, an interleaved spiral scan can bring more signal than a single-shot 
spiral scan did, which leads to less blurring at the cost of longer scan time. As GRO spirals 
out, phase dispersion is introduced in a direction perpendicular to GRO across tissue. Since 
GRO proceed in a k-space trajectory, phase dispersion also proceeds on the plane via a k-
space trajectory. As a result, echo of radiation caused by a magnetic moment change is 
recorded along those trajectories from the center to the periphery again and again until a 
circular field of view (FOV) is fully covered. Here, GRO is assumed to have a magnitude 
13 
GR G/cm and a duration time tenc (period of a readout window). The sampling for the 
referential frame is done. 
 
Figure 1.12: Timing diagram for the 3D cine DENSE spiral pulse sequence (Faro and 
Mohamed, 2006) 
 
              
(a) Single k-space spiral         (b) Four interleaved spiral 
Figure 1.13: Diagram of k-space trajectories covered over a field-of-view (Meyer, 1998) 
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The sampling for the first frame is conducted using the same sequence for the 
referential frame. Specifically, when the second Rf excitation is applied, tissues have moved 
a distance of Δx during a time period of TR, followed by a second effective readout gradient 
GRO causing another phase dispersion. For stationary spins, the phase dispersion is 
completed. For protonic spins which have a displacement of Δx, a net phase φ1 of the echo 
signal is accumulated, which is illustrated by Equation (1.1): 
 1 H R enc  G t x    (1.1) 
where γH is the gyromagnetic ratio in Hz/Tesla. 
Later on, the sampling for each frame is performed per Rf excitation with TR as 
repetition time. Thus, a scan is an n-frame sampling at a cardiac cycle. During one scan, a 
cardiac cycle is split into multiple frames depending on the heart rate. The heart throughout 
the cardiac cycle is repeatedly imaged with the same slice selection. 
Phase encoding of displacements is conducted by repeating scans. In order to obtain 
displacements in the FOV throughout the cardiac cycle, the first scan serves as the phase 
reference data set. After this, a complementary data set is acquired by repeating the 
procedures of the first scan once more with altered amplitude GR' as the effective readout 
gradient GRO. In order to encode displacement effectively, the difference in effective 
readout gradients is set for a specific value. Take the first-frame sampling as example, since 
the amplitude of effective readout gradient changes to GR', accumulated phase φ2 is 
different (illustrated by Equation (1.2)). Thus, the phase shift Δφ between two sequences 
15 
can be used to compute Δx (illustrated by Equation (1.3)). Although the difference of 
effective readout gradient is small, a large displacement of Δx can occur when TR is set to 
be large enough so that a noticeable phase difference Δφ can be detected. That’s why 
DENSE can have a high spatial resolution (Aletras et al., 1999). 
 
'
2 H R encG t x    (1.2) 
 
'
H R R enc( )G G t x      (1.3) 
In order to acquire displacements in three directions, a balanced four-point encoding 
strategy was developed by Zhong and colleagues (Zhong et al., 2009). It can suppress 
homogeneous phase noise in three directions and increase phase signal-to-noise ratio (SNR) 
(Zhong et al., 2009). Specifically, a phase reference scan and a complementary scan are 
performed on the four vertices of a regular tetrahedron, respectively (shown in Figure 1.14). 
In order to get the 3D displacements in the centroid of the tetrahedron, four sets of phase 
differences corresponding to four vertices are acquired. Next, x, y, and z displacements are 
derived from phase differences using weighting vectors. Last, tissue displacement values 
are encoded directly into the intensity of each pixel of phase images along each direction. 
Overall, a total of eight cine MRI scans are conducted for encoding phase images along 
three directions, presenting a map of 3D displacement of tissue of interest on a specific 
slice. 
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Figure 1.14: Four weighting vectors for 3D balanced multi-point encoding method 
(Zhong et al., 2009) 
Magnitude images are averaged over the phase reference scans so that each image is 
the information obtained during the same frame across multiple cardiac cycles. In order to 
generate tomographic images depicted in Figure 1.7, three cardiac planes are introduced 
during MRI (American Heart Association et al., 1992). These three corresponding views 
are perpendicular to each other. Two chambers, left ventricle and atrium, are seen in the 
vertical long-axis (VLA) view, while all four chambers are shown in the horizontal long-
axis (HLA) view. 
In order to fully assess the entire heart, separate cine image sets are acquired at various 
locations, like base, middle ventricle, and apex for short-axis images, or in various views, 
like 2-, 3-, and 4-chamber views for long-axis images. At last, the series of magnitude 
images are gathered together to produce a movie (cine). 
Figure 1.11 shows a T1 weighted magnitude image. The black blood is caused by the 
nonsynchronous motion of the blood in the ventricle. This type of image contrast is 
desirable in our cardiac MRI studies. First, black blood gives a high contrast between 
17 
myocardium and ventricular cavity, which helps us to distinguish them. Second, the motion 
of bright blood can produce artifacts along the phase direction (shown in Figure 1.15). 
 
Figure 1.15: Striping Artifacts caused by bright blood signal (Aletras et al., 1999) 
1.6 Computing Mechanics 
By definition, the referential mesh is the referential configuration of the heart in the 
referential frame, while the computational mesh is the current configuration of the heart in 
a specific frame (time t). 
P 
   
 P' 
 
          (a) A referential mesh            (b) A computational end-systolic mesh 
Figure 1.16: Left ventricular volumetric meshes. 60 × 3 × 4 elements were built in 
circumferential, transmural and longitudinal directions reconstructed from the MRI 
images scanned on Aug. 30, 2015. An 8-noded brick element is in an arbitrary location of 
the mesh 
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Considering an 8-noded brick element in an arbitrary location of the mesh (shown in 
Figure 1.16), it's denoted as P located at X in the referential mesh and P' located at x in the 
computational mesh, where X and x are both defined in a 3D Cartesian coordinate system. 
Its deformation can be calculated using coordinates of eight vertices and the centroid. The 
current deformation dx of P' can be mapped into the referential deformation dX of P. Thus, 
the deformation gradient tensor F can be defined by: 
 
( , )x X t
F
X



 (1.4) 
The Jacobian deformation J is calculated by: 
 detJ F  (1.5) 
The Lagrangian strain tensor in Cartesian coordinates is equal to: 
 
1
( )
2
TE F F I   (1.6) 
where I is the identity tensor. Six independent components of E  are corresponding to 
three normal strains and three shear strains in Cartesian coordinates. 
X
Z
Y
O
θ
ρ Z'
P'
X'
Y'
O'
 
Figure 1.17: Transformation from Cartesian coordinates to polar coordinates 
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To simplify, all elements slightly above or below the slice of interest are considered to 
be located on the same plane., and these elements are assumed to be distributed circular ly.  
Depicted in Figure 1.17, point O is the center of the distribution circle where the element 
P' is closest to. The centroid of the element is mapped to point O', where X', Y' and Z' are 
Cartesian coordinates of the centroid. Thus, the angle θ is defined by: 
 
1 'tan
'
Y
X
   (1.7) 
The rotation matrix R is defined by: 
  
cos sin 0
sin cos 0
0 0 1
R
 
 
 
 
 
 
  
 (1.8) 
and can transform the Cartesian coordinate system into the polar coordinate system. Hence, 
the Lagrangian strain tensor in polar coordinates can be derived by: 
 
rr rc rl
polar cr cc cl
lr lc ll
T
E E E
E RER E E E
E E E
 
 
 
 
  
 (1.9) 
where Err is radial strain, Ecc is circumferential strain, Ell is longitudinal strain, Erc , Erl and 
Ecl are shear strains relative to two corresponding directions, respectively. 
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Figure 1.18: Definition of torsion T between basal and apical slices (Rüssel et al., 
2009) 
 
The circumferential- longitudinal (CL) shear angle αCL is used to describe torsion 
because it's normalized with respect to the radius ρ of a myocardial slice and the distance 
D between slices (Figure 1.18). The value of αCL can be obtained by Equation (1.10) 
(Rüssel et al., 2009). 
 
1 cl
CL
cc ll
2
sin
(1 2 )(1 2 )
E
E E
 
 
 (1.10) 
The positive value of αCL indicates a counterclockwise rotation as observed from the apex 
to base. 
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2 Quantification of 3D Lagrangian Strain and Torsion in Rat Left Ventricles under 
Inotropic Stimulation using 3D cine DENSE MRI 
2.1 Background 
Literatures suggest that heart disease might cause a statistically significant change in 
cardiac mechanics, such as strains and torsion, which can provide diagnostic information 
for deciding medical therapies (Chen et al., 2010; Haggerty et al., 2013a; Hess et al., 2009; 
Li and Yu, 2010; Liu et al., 2004; Zhong and Yu, 2010a). 
Rat models have been increasingly used in the research of cardiac diseases, includ ing 
myocardial infarction (Goldman and Raya, 1995), pulmonary hypertension (Fomovsky et 
al., 2009), and age associated heart failure (Patten and Hall-Porter, 2009). The application 
of a 12-segment ventricular model can provide a more detailed profile of regional cardiac 
mechanics, which is related to the 3 major coronary arteries. The regional difference of 
Lagrangian strains can serve as useful reference for evidence-based medical therapies. 
Since isoproterenol is an inotrope, it will cause increased contractility in the heart. 
Specifically, the heart beats harder with acute administration under isoproterenol 
stimulation. The hypothesis is that cardiac mechanics in rat LV under isoproterenol 
stimulation will exhibit regional differences. The change in myocardial strain in rat hearts 
caused by isoproterenol stimulation can provide the reference for understanding how 
inotropic drugs, which are used in stress tests, cause changes in regional contractility. This 
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reference could then be compared to a diseased model, under inotropic stimulation, to 
identify regional disruptions in function and potentially help in the determining treatment. 
 
2.2 Methods 
2.2.1 Myocardial Segmentation 
It should be noted that DENSE MRI acquisition was conducted by Dr. Xiaoyan Zhang, 
a former postdoctoral scholar in the lab. In this study, 10 healthy and 9 isoproterenol-
simulated female Sprague-Dawley rats (approximately 6 months of age) were scanned 
using a 7-Tesla BrukerClinScan system (Bruker, Ettlingen, Germany). An open-source 
application DENSEanalysis (Gilliam et al., 2016; Spottiswoode et al., 2007) developed in 
MATLAB was used as the image segmentation tool. The contours of endocardium and 
epicardium of left ventricle were drawn on both short-axis and long-axis images (Figure 
2.1). Blood pool and surrounding tissue were identified by the dark regions in magnitude 
images and noisy pixels in phase images. Endocardial and epicardial boundaries were 
traced in all frames and slices to verify that the myocardium has a smooth deformation. 
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(a) Short-axis contours viewed from the apex 
 
(b) Vertical long-axis contours 
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(c) Horizontal long-axis contours 
Figure 2.1: Left ventricular contours at isoproterenol-simulated end diastole of mid-
ventricle. Images were taken on Feb. 27, 2016. Red curves are epicardial contours. 
Green curves are LV endocardial contours. Yellow curves are RV endocardial contours. 
 
Subsequently, myocardial contours need to be modified by excluding the papillary 
muscles. Because papillary muscles (2 protrusions in Figure 2.2) were aligned from the left 
middle ventricle up to the base (Figure 2.3b), a segment of endocardial contours may be 
wrongly placed on them when the contours were drawn on short-axis images. If papillary 
muscles are inside myocardial contours, they could increase wall thickness tremendous ly 
from one slice to another slice (Figure 2.3a). Besides, since papillary muscles are pulling 
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atrioventricular valves during diastole, they would be invisible and hard to be tracked, 
especially at ED. In other words, the papillary muscles inside myocardial contours can lead 
to a large fluctuations in wall deformation longitudinally and temporally. Thus, papillary 
muscles need to be excluded from myocardial contours. 
 
 
Figure 2.2: Papillary muscles in human heart (criticalecho.com) 
 
Fortunately, papillary muscles in rat heart were large enough to be visualized at end 
systole from long-axis view. Thus, short-axis contours need to be displayed on long-axis 
images to verify they don't cover papillary muscles. An application called CorrecterBorders, 
which was developed by Dr. Jonathan Suever, can display 3D freehand contours 
simultaneously on both short-axis and long-axis CMR images of DICOM standard. In order 
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to make the contours created by DENSEanalysis be compatible with the contours created 
by CorrecterBorders, two custom modules were written in MATLAB (Mathworks, Inc., 
Natick, MA). Specifically, through associating short-axis images with long-axis images 
based on locations and orientations of all slices, 2D contours created with DENSEanalys is 
were converted to 3D contours read by CorrecterBorders. As shown in Figure 2.3a, 
papillary muscle was hard to be identified in a short-axis view but well-marked from a 
long-axis view. After modifications of short-axis contours (Figure 3.7b) with 
CorrecterBorders, the contours were imported back to DENSEanalysis for further 
adjustments. 
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Figure 2.3: Exclusion of papillary muscle from myocardial contours 
Furthermore, the methodology of excluding papillary muscle is also applied to the 
adjustment of apical contours, since magnitude images are noisy in the apical slice where 
myocardium is more difficult to be segmented from the blood pool. Subsequently, apical 
Papillary muscle 
(a) Before adjustment 
(b) After adjustment 
Papillary muscle 
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contours were adjusted by assuming consistent wall thickness in SA and LA views, 
respectively. 
Last but not least, a fine tuning was conducted on myocardial contours based on the 
following principles of ventricular shapes changing in a particular cardiac stage. First, 
myocardial contours are supposed to have same size during isovolumetric contraction or 
isovolumetric relaxation. Second, myocardial contours are supposed to shrink with 
increasing wall thickness during systole, but enlarge with decreasing wall thickness during 
diastole. 
 
2.2.2 Discretization of the LV in the Referential Frame 
Once myocardial contours were done, a module (Spottiswoode et al., 2007) in 
DENSEanalysis was used to generate the cardiac model slice by slice. For the slice of 
interest, a cardiac model consists of resting contours in the referential frame and n 
computational contours in each imaging frame. As shown in Figure 2.4, resting contours 
are displayed in the left viewer, while the computational contours of frame 20 are in the 
right viewer. 
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Figure 2.4: Meshing user interface for a short-axis slice 
As shown in Figure 2.4, a custom mesh configuration interface was created with 
graphical user interface design environment (GUIDE) of MATLAB. Additionally, a 
corresponding mesh configuration module was also developed and integrated into the self-
developed application called 3D DENSE Plugin for Crescent Organ (Liu, 2018). The mesh 
configuration module is capable of the following three functions. 
First, the 12-segment model is applied to the cardiac model. As shown in Figure 2.4, 
myocardium was separated into septum and free wall by defining two insertion points of 
the RV wall to the LV wall. The anterior RV insertion point was set by the placement of the 
square dot, while the inferior RV insertion point was defined by reporting the sector number 
Bad sectors 
Bad sectors 
specification 
Sector numbering 
direction 
Inferior 
Lateral 
Anterior Septal 
Segments 
specification 
Active 
contours 
Drawn 
contours 
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on it. And free wall was divided into equal thirds which were classified as inferior, lateral, 
and anterior segment, respectively. 
Second, user-defined meshing of the left ventricle was based on a finite element mesh 
interpolation scheme. As shown in Figure 2.4, all computational contours in the slice were 
set for a circumferential partition of 60 sectors numbered counterclockwise. Four nearby 
yellow dots constructed a sector. By default, the first sector was placed on the anterior RV 
insertion point (the square dot in Figure 2.4). Each sector is attributed to its corresponding 
segment based on its circumferential location. 
Last but not least, noise of DENSE images was suppressed by marking bad sectors. 
Bad sectors were caused by wrong selection of unwrapped pixels or noise of DENSE 
magnitude and phase images. If bad sectors still exist after trying different unwrapped 
pixels from different frames, it is necessary to remove the bad sectors. For example, 
compared with the drawn contours at end diastole (two black dash circles in Figure 2.4), 
computational contours (two green solid curves in Figure 2.4) have abnormal wall 
thickness from sector 21 to sector 24, resulting in enormous magnitude of the strain 
components. Reporting the numbers of bad sectors made them inaccessible to the 
application, i.e., they were not used in assessing the deformation. It should be noted that 
the bad sectors were typically found at the RV insertion points.  
As a result, the referential mesh and computational meshes were created in 3D DENSE 
Plugin for Crescent Organ (Liu, 2018) (shown in Figure 1.16). Since coordinates of eight 
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vertices of each element were known, the Lagrangian strain tensor was calculated in each 
element, which is discussed in the Section 1.6. Strain of each segment was evaluated by 
averaging the strains of good elements inside it, which was implemented by a custom script 
written in MATLAB. 
2.2.3 Segmentation of the LV Mid-ventricle 
Considering that there is a variation in heart sizes between animals, the middle 
ventricle is assumed to locate at the half length of the left ventricular cavity based on the 
long-axis endocardial contours at end systole. 
A 12-segment model is applied to the LV middle ventricle (shown in Figure 2.5) and 
segment names are summarized in Table 2.1. Specifically, the middle ventricle was divided 
into septal, lateral, inferior and anterior segments circumferentially and transmural thirds 
(sub-endocardium, mid-wall, and sub-epicardium). By definition, the anterior segment lies 
by the side which is closer to the chest. 
Table 2.1: Notation of LV mid-ventricular segments 
Septal segments Inferior segments  Lateral segments Anterior segments  
1. Septal sub-
endocardium 
2. Inferior sub-
endocardium 
3. Lateral sub-
endocardium 
4. Anterior sub-
endocardium 
5. Septal mid-wall 6. Inferior mid-wall 7. Lateral mid-wall 8. Anterior mid-wall 
9. Septal sub-
epicardium 
10. Inferior sub-
epicardium 
11. Lateral sub-
epicardium 
12. Anterior sub-
epicardium 
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Figure 2.5: A 12-segment model at mid ventricle 
2.2.4 Statistical Analysis 
Data were represented as mean ± standard error of the mean (SEM). Single 
comparisons for the differences in hemodynamic parameters between control and 
isoproterenol-treated rats were conducted with unpaired student t-test. Multip le 
comparisons related with strain components or CL shear angle in each transmural layer 
were conducted using 2-way ANOVA with post-hoc Bonferroni t-tests. A value of p<0.05 
was considered significant. 
2.3 Results 
2.3.1 Global Function of LV 
Changes in cardiac function are summarized in the Table 2.2. Specifically, significant 
increase in heart rate (HR) and ejection fraction (EF) was detected under isoproterenol 
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stimulation. And maximum rates of LV pressure rise and fall were increased significantly 
in isoproterenol-infused rats, which indicate that LV contraction and relaxation were 
enhanced statistically. 
Table 2.2: Hemodynamic parameters in baseline and isoproterenol-infused rats. 
*p < 0.05. (Zhang et al., 2018) 
 Baseline Isoproterenol-infused rats 
Heart rate (bpm) 334 ± 7 432 ± 8* 
LV end-diastolic pressure (mmhg) 12.5 ± 0.9 13.3 ± 0.9 
Peak LV systolic pressure (mmhg) 115.1 ± 2.5 121.8 ± 2.7* 
Maximum rates of LV pressure rise (mmhg/s) 9213 ± 399 13553 ± 858* 
Maximum rates of LV pressure fall (mmhg/s) 10867 ± 325 15354 ± 1631* 
LV end-diastolic volume (𝜇l) 311 ± 11 291 ± 13 
LV end-systolic volume (𝜇l) 130 ± 6 87 ± 6* 
LV stroke volume (𝜇l) 181 ± 11 204 ± 9 
LV ejection fraction (%) 58 ± 2 70 ± 1* 
A custom script was written in MATLAB for comparing strains in rat left ventricles at 
baseline and under isoproterenol stimulation. Since the subjects have different heart rates, 
strain in terms of temporal frames were transferred into strain in terms of percentage of the 
cardiac cycle. A temporal interpolation was done by fitting a cubic spline into scattered 
strain values distributed over time. 
34 
First of all, the global effect of isoproterenol on the peak Lagrangian strains and torsion 
of in the LV was investigated and the results are summarized in the Table 2.3. Specifica lly, 
significant increases in Err, Ecl and CL shear angle are found at either basal, mid-ventricular, 
or apical regions of the LV, indicating isoproterenol has a more significant impact on the 
radial wall thickening and ventricular torsion compared with circumferential shortening or 
longitudinal shortening in terms of mechanical deformations of myocardium. 
 
Table 2.3: Effects of isoproterenol on the global peak Lagrangian strains and 
circumferential-longitudinal shear angles in basal, mid-ventricular, and apical region 
of the LV. *p < 0.05. (Zhang et al., 2018) 
 Base Mid-LV Apex 
 Baseline Iso Baseline Iso Baseline Iso 
Ecc -0.19±0.01 -0.18±0.00 -0.21±0.01 -0.19±0.01 -0.19±0.01 -0.19±0.01 
Ell -0.15±0.00 -0.11±0.01* -0.16±0.01 -0.15±0.01 -0.14±0.01 -0.14±0.01 
Err 0.46±0.02 0.55±0.02* 0.54±0.02 0.66±0.02* 0.45±0.04 0.66±0.02* 
Ecl 0.04±0.00 0.08±0.01* 0.05±0.00 0.09±0.01* 0.00±0.01 0.06±0.00* 
Erl 0.09±0.00 0.09±0.01 -0.05±0.01 0.00±0.02 -0.17±0.01 -0.14±0.02 
Erc -0.05±0.00 -0.07±0.01* 0.04±0.00 0.04±0.01 0.09±0.01 0.16±0.01* 
CL Shear 
Angle 
(degree) 
7.47±0.38 12.70±1.10* 9.09±0.51 14.92±0.73* 1.36±0.91 9.99±0.66 * 
35 
2.3.2 Regional Differences of Peak Circumferential Strain in the LV Mid-ventricle 
The regional effect of isoproterenol on the mid-ventricular peak circumferential strain 
in the LV was studied. The circumferential strain was compared over each myocardia l 
segment and over each myocardial layer between the baseline and isoproterenol- infused 
cases. Results are summarized in Figure 2.6. Decrease in peak Ecc was found in all regions 
except the septal one. Specifically, significant decrease in peak Ecc was found in both the 
lateral and anterior regions. During systole, a shortening perimeter of myocardium was 
implied by negative and decreasing circumferential strain Ecc. 
 
 
(a) Endo 
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(b) Mid 
 
(c) Epi 
Figure 2.6: Effects of isoproterenol on peak systolic Ecc strains in different myocardial 
regions of mid-ventricle. Peak systolic Ecc values were averaged over each segment of 
sub-endocardium (A, Endo), mid-myocardium (B, Mid), and sub-epicardium (C, Epi). The 
text above each figure shows p values for the main statistical effects. Significant 
differences between CTL and ISO groups, tested separately for each segment, are 
indicated by asterisks (*p<0.05). Significant differences among the four segments, tested 
separately for untreated (CTL) and isoproterenol-treated (ISO) rats, are listed in the inset 
box. (Zhang et al., 2018) 
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2.4 Comparison between 2D and 3D Strain Analysis 
Since isoproterenol is a 𝛽–adrenergic agonist (non-selective), the effect of another 𝛽–
adrenergic agonist, dobutamine (cardio-selective), on LV function is worth mentioning 
here. A previous study using 2D Strain Analysis (DENSE) demonstrated an increase in 
peak Ecc in all regions (Zhong and Yu, 2010b). Specifically, a significant increase was 
found primarily in the septal, lateral, and anterior regions. Moreover, these isoproterenol-
infused animals exhibited enhanced LV contraction and relaxation, reflected as increased 
maximum rates of LV pressure rise and fall (shown in Table 2.2), which is in line with 
previous reports on isolated murine hearts (Grieve et al., 2004) and/or conscious canine 
LVs (Karliner et al., 1977). Therefore, an expectation can be fairly made on Ecc that an 
increase would be found in Ecc under isoproterenol stimulation. 
When 3D DENSE MRI was first proposed, a correlation study was done between strain 
results using 2D and 3D DENSE in healthy humans (Zhong et al., 2010). A large difference 
was found in Err, regardless of a small difference found in Ecc. As a matter of fact, the 
variation in strain difference can be explained from the perspective of continuum 
mechanics. 
The equation for Ecc in 3D strain analysis can be derived as: 
 
2 2 21 ( 1)
2cc
cc rc lcE F F F     (2.1) 
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where Fcc, Frc , and Flc are the normal and shear components in the deformation gradient 
tensor in polar coordinates Fpolar, respectively. And the deformation gradient tensor Fpolar 
can be acquired by the following equation: 
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T
polar cr cc cl
lr lc ll
F F F
F RFR F F F
F F F
 
 
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 
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 (2.2) 
where the rotation tensor R and the deformation gradient tensor F in Cartesian coordinates 
are defined in Equation (1.4) and Equation (1.8), respectively. 
In terms of in-plane strain, any of the longitudinal-related components of deformation 
should not be taken into account, which means Flc is taken away from the equation of Ecc 
in 2D strain analysis. The equation for Ecc in 3D strain analysis can be defined as: 
 
2 21 ( 1)
2cc
cc rcE F F    (2.3) 
where Fcc and Frc are the normal and shear components in the deformation gradient tensor 
in polar coordinates Fpolar, respectively. 
Subsequently, a 2D strain analysis was performed on Ecc and an increase was found in 
Ecc due to isoproterenol (shown in Figure 2.7). Likewise, similar increases induced by 
another 𝛽 –adrenergic agonist (dobutamine) were demonstrated using 2D DENSE 
(Vandsburger et al., 2012; Zhong and Yu, 2010b) and 2D HARP (Li and Yu, 2010) 
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Figure 2.7: Comparison in Ecc between 2D and 3D Strain Analysis 
 
However, as shown in Equation (2.1), Flc in the equation for Ecc in 3D strain analysis 
can have a substantial influence. It has been significantly increased under isoproterenol 
stimulation in the present study (shown in Figure 2.8). More importantly, when a positive 
term Flc (shown in Figure 2.8) was added to a negative Ecc in 2D strain analysis (shown in 
Figure 2.7), a decrease induced by 𝛽–adrenergic agonist (isoproterenol) was demonstrated 
(shown in Figure 2.7), which means the trend was completely reversed. 
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Figure 2.8: Effect of isoproterenol on peak deformation gradient shear component Flc. 
*p < 0.05. 
 
In conclusion, when 2D strain analysis was performed in SA view, the effect of the 
disease or treatment on longitudinal-related deformation could not be captured, while the 
information of circumferential-related deformation caused by the disease or treatment 
would not be lost under 2D strain analysis in LA view. In these two circumstances, 
potentially false values could be acquired in 2D strain results, and a totally opposite effect 
of disease or treatment could be reported on ventricular deformation. Previous studies have 
shown that a reduced Ell was significantly correlated with high mortality in patients with 
PH (Fine et al., 2013a). Under certain circumstances, if Ell in the patients with PH and 
corresponding treatment was found back to normal in the 2D strain analysis, a false 
41 
statement could be made that the treatment is working, while the patients are actually still 
in danger. 
In the future, if the strain from MRI is used as an index in disease diagnosis, the present 
comparison results can facilitate the decision made by clinicians on the choice of a 2D or 
3D scan protocol. 
 
2.5 Conclusion 
Displacement ENcoding with Stimulated Echoes (DENSE) cardiac magnetic 
resonance (CMR) images are used to non-invasively capture the deformation of rat hearts. 
Myocardial contours were drawn based on short-axis and adjusted based on long-axis CMR 
images. Tools written in MATLAB were developed for the adjustment of myocardia l 
contours. 3D DENSE Plugin for Crescent Organ (Liu, 2018) was developed for the 
application of the 12-segment model, and allowing user-defined meshing and noise 
suppression. In addition, a detailed profile of regional cardiac mechanics was created with 
it. Strains in rat left ventricles at baseline and under isoproterenol stimulation were 
compared statistically using an unpaired Student's t-test. Isoproterenol alters the cardiac 
mechanics (i.e., Lagrangian strains and torsion) of healthy rats in a region dependent 
manner, but the degree of the regional dependency varied among the Lagrangian strains 
and torsion. A significant increase in radial wall thickening (Err), circumferential shortening 
(Ecc), and longitudinal shortening (Ell) are found in the septum, indicating isoproterenol has 
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a more significant impact on the mechanical deformations of myocardium in the septum 
than in the free wall. Additionally, isoproterenol significantly increased peak systolic 
torsion throughout the LV wall, which is believed to be the main contributor to the 
significant increase in ejection fraction. 
Regional differences may provide a reference for understanding the effects of inotropic 
agents on regional cardiac function, and provide insight for the development of targeted 
pharmaceutical therapies. For example, if a stress test identifies that a particular region 
does not experience an increase in torsion, then a specific treatment may be used to target 
that region. 
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3 Quantification of Regional Right Ventricular Strain in Healthy Rats using 3D 
Spiral Cine DENSE MRI 
3.1 Background 
According to the report of the American Heart Association in 2011, 5.7 million 
Americans suffered from Congestive Heart Failure (CHF) (American Heart Association, 
2011). In addition, pulmonary dysfunction is also frequently found with right ventricular 
dysfunction in heart failure (Robaeys et al., 2017). Particularly, pulmonary hypertension 
(PH) with right ventricular heart failure (HF) is very common among people older than 75. 
More importantly, an increasing number of studies have pointed out clinically relevant 
outcomes can be predicted based on the abnormalities in RV. 
First of all, abnormalities in organ-level cardiac function of RV can serve as predictors 
of disease presence. An impaired right ventricular EF was found with significantly 
increased mortality in patients with CHF and coronary artery disease (Polak et al., 1983). 
And an impaired RIGHT ventricular ED volume was also found to be significantly 
correlated with the presence of arrhythmogenic right ventricular cardiomyopathy (ARVC) 
(Vigneault et al., 2016), and a significant higher mortality was reported in patients with 
dilated RV cavities (Sun et al., 1997). 
Furthermore, abnormalities in right ventricular deformation are critical biomarkers for 
the management of cardiovascular diseases. Clinical studies (Derrick et al., 2001; Eyskens 
et al., 2004) have shown that reduced right ventricular deformation is an important marker 
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of global cardiac dysfunction for the patients after surgeries. In particular, a significant 
decrease was found in both right ventricular peak longitudinal and circumferential strains 
not only globally but also regionally in the patients with ARVC compared with control 
subjects (Vigneault et al., 2016). Besides, right ventricular free wall (RVFW) longitud ina l 
peak systolic strain was reported to be a sensitive indicator of deterioration in RV of the 
patients with tetralogy of Fallot (TOF) (Scherptong et al., 2009). It was also used to assess 
the survival rate of the patients with PH (Fine et al., 2013a) and predict heart failure, 
especially for the HF with preserved reduced ejection fraction (Morris et al., 2017). As for 
the patients with pulmonary arterial hypertension (PAH), upcoming right-sided heart 
failure, clinical deterioration, and patient mortality can be forecasted through RV 
longitudinal peak systolic strain (Sachdev et al., 2011). Since RV dysfunction in the patients 
with PAH has a high mortality rate (Ryan et al., 2015), abnormalities in right ventricular 
deformation should be an important focal point during the management of PAH. 
The rat model is widely used in cardiac research on RV. For example, recent studies 
have used rats with PH and right ventricular HF to investigate remedies for PH (Labinskyy 
et al., 2008; Mouchaers et al., 2010; Sawamura et al., 2009). Since impaired right 
ventricular longitudinal and circumferential strains have been frequently reported to be 
strongly correlated with the presence of cardiovascular diseases, establishing reproducible 
baselines of these strains is essential, and could be used for assessment of the effectiveness 
of various treatments. Compared with MRI, the conventional echocardiographic imaging, 
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such as velocity vector imaging and speckle tracking imaging, underestimated longitud ina l 
strain (Fine et al., 2013b). Regarding MRI technique, standard Spatial Modulation of 
Magnetization (SPAMM) tagged MRI was initially used to evaluate RV deformation 
(Haber et al., 2000). However, the RV free wall is normally 3 to 4 times thinner than the 
LV free wall (Matsukubo et al., 1977), making tracking the entire lengths of the tags 
extremely difficult, then resulting in underestimated strains. Aside from SPAMM, cine 
Steady State Free Precession (SSFP) MRI with feature tracking was also used to quantify 
RV strains (Lollert et al., 2018; Nucifora et al., 2016; Sachdev et al., 2011). But the strains 
acquired from SSFP were much less reproducible than those from DENSE. For instance, 
the inter-observer coefficients of variation (CoV) for RV longitudinal and circumferentia l 
strains at 3T using SSFP are ~30% globally and ~47% segmentally (Schuster et al., 2013), 
compared with those of ~3% globally and ~10% segmentally using DENSE (Suever et al., 
2017). Unfortunately, there are very limited studies conducted on the right ventricle with 
DENSE MRI, especially no published study using rat model and DENSE MRI. Therefore, 
the current study investigated the normal state of cardiac mechanics in rat RV, in order to 
establish a baseline for deformation in a healthy heart. 
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3.2 Methods 
3.2.1 Myocardial Segmentation 
The DENSE CMR images acquired by Dr. Xiaoyan Zhang on the healthy rats (Zhang 
et al., 2017) were used in this study. And images of 7 healthy female Sprague-Dawley rats 
were analyzed, since the RV could not be resolved on the CMR images of the remaining 3 
healthy rats. 
The RV free wall was segmented from the blood pool using DENSE3D Plugin (Suever, 
2016), a plugin in DENSEanalysis which is capable of dealing with biventricular contours. 
The same methodology employed in Chapter 2.2.1 was used for RV segmentat ion. 
Biventricular endocardial and epicardial borders were traced over the whole cardiac cycle 
manually on SA views (shown in Figure 3.1a), but automatically on VLA (2-chamber) 
(shown in Figure 3.1b) and HLA (4-chamber) views (shown in Figure 3.1c) using the 
custom scripts mentioned in the Chapter 2.2.1. 
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(a) Short-axis contours viewed from the apex 
 
(b) Vertical long-axis contours 
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(c) Horizontal long-axis contours 
Figure 3.1: Biventricular contours at end diastole of mid-ventricle. Images were taken 
on Aug. 30, 2015. Red curves are epicardial contours. Green curves are LV endocardial 
contours. Yellow curves are RV endocardial contours. 
 
3.2.2 3D Anatomical Contours 
Although SSFP has been considered as the standard method for imaging the anatomy 
of the heart, a recent study pointed out that the off-resonance artifacts would be noticeable 
if the SSFP was used with high field strength (7 Telsa in present study) (Berr et al., 2005). 
During our DENSE CMR scan, despite having 5-6 SA slices that cover near 80% of the 
end-systolic ventricular length, they only cover 60% of the end-diastolic ventricular length 
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due to atrioventricular plane displacement (AVPD) (blue curves in Figure 3.2). In order to 
reconstruct the animal-specific biventricular anatomy along the full ventricular length with 
a limited number of SA slices, extra approximated SA slices (black curves in Figure 3.2) 
near apex were created using the SA and LA contours (shown in Figure 3.1) in a custom 
script embedded in the 3D DENSE Plugin for Crescent Organ (Liu, 2018). 
First of all, the drawn SA and LA contours were transformed from the image coordinate 
system to the global coordinate system. Since the contours on each slice are stored in pixel 
coordinates (shown in Figure 3.1), they were converted to the global coordinate system 
using the information of volumetric pixels (voxels) size, slice location, and slice orientation 
stored in the tags of DICOM (blue and red curves in Figure 3.2). 
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Figure 3.2: Converted end-diastolic contours of all slices are gathered in the global 
coordinate system. Blue curves are SA contours. Red curves are LA contours. Black 
curves are approximated SA contours. 
 
After the drawn SA and LA contours were placed together, the apical approximated 
SA contours (black curves in Figure 3.2) were generated. Specifically, fitted points (black 
diamond dots in Figure 3.3) were created by using a plane to intersect the drawn SA and 
LA contours in a specific longitudinal location of interest. Assuming the apical SA contours 
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(the red curve in Figure 3.3) have an elliptical shape, they were generated by approximating 
the fitted points using Brent-Powell minimization method (shown in Figure 3.3).  
 
Figure 3.3: An apical SA contour is approximated with the points in two LA contours. 
Red curve is the apical SA contour. Black points are from LA contours. 
 
3.2.3 Discretization of Biventricular Surfaces 
As depicted in Figure 3.4, the 3D end-diastolic epicardial, LV endocardial, and RV 
endocardial surface meshes were created from the converted end-diastolic contours of all 
slices (shown in Figure 3.2) using the surface mesh generation method developed by 
Haggerty et al. (2014) for human ventricles in DENSE3D Plugin (Suever, 2016). 
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Figure 3.4: End-diastolic biventricular meshes created with DENSE3D Plugin 
However, as pictured in Figure 3.4, the plugin failed to fit the RV endocardial mesh 
into the right ventricle of small animals like murine, which have a much more crescent-
shaped cavity (blue curves in Figure 3.5) and are sharper at the RV insertion point. 
In order to get a better RV endocardial mesh at end diastole, an iteration algorithm was 
developed for adjusting the RV surface mesh into its actual crescent shape. Firstly, the pre-
generated RV endocardial mesh was relocated inside the converted end-diastolic SA 
contours (blue curves in Figure 3.6). Subsequently, the RV generation module in 
DENSE3D Plugin (Suever, 2016) was run repeatedly with input parameters varying in 
values.. The parameters were varied in each iteration but within specified ranges until the 
minimal sum of distances from the points on each SA contour to RV mesh surface was 
reached. Eventually, the best setting of the input parameters for RV generation was attained 
for each specific animal. The algorithm was integrated into the 3D DENSE Plugin for 
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Crescent Organ (Liu, 2018), making the plugin capable of handling the heart in which the 
biventricular shape is sharper at the right ventricle insertion points. Eventually, the 
epicardial mesh (green surface in Figure 3.6) and LV endocardial mesh (blue surface in 
Figure 3.6) were loaded with a refined RV mesh (red surface in Figure 3.6) in 3D DENSE 
Plugin for Crescent Organ. 
 
Figure 3.5: Refinement for end-diastolic RV endocardial mesh. Blue curves are a stack 
of converted end-diastolic SA contours. 
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Figure 3.6: End-diastolic biventricular meshes with a refined RV mesh 
 
3.2.4 Lagrangian Strains Analysis 
3D Lagrangian displacements were retrieved at each voxel of phase images by 
unwrapping the phase images (Spottiswoode et al., 2007). More strain points were 
interpolated into the voxels to acquire the 3D Lagrangian displacement field over time 
fitted by linear radial basis functions (Hardy, 1990). Afterward, the 3D Lagrangian strain 
tensor in Cartesian coordinates was computed at each strain point over time. Thereafter, a 
local coordinate system was created at each element of LV and RV endocardial meshes and 
assigned to nearby strain points (Suever et al., 2017). Finally, the Lagrangian strain tensor 
in polar coordinates was derived by transforming the Cartesian strain tensor into the local 
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coordinate system at each strain point. Thanks to the local coordinate system which 
accounts for the complex shape of RV, the longitudinal and circumferential strains can be 
better resolved locally. 
In order to average the strains from the same region of interest, the longitudinal and 
circumferential positions of each strain point were normalized and then parameterized 
(Suever et al., 2017). The longitudinal parameterization was performed by a longitud ina l 
parameterization module in DENSE3D Plugin (Suever, 2016) (depicted in Figure 3.7a). 
The circumferential parameterization was improved by accounting for the fact that the 
anterior and inferior insertions of the RV to the LV shift circumferentially along the 
ventricular long axis. Circumferential parameterization was performed twice in the 3D 
DENSE Plugin for Crescent Organ (Liu, 2018) for longitudinally varying anterior and 
inferior RV insertions, respectively. As a result, right ventricular free wall was precisely 
segmented from left ventricular free wall or the interventricular septum (depicted in Figure 
3.7b). 
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(a) Longitudinal segmentation for the RV middle slice (Red region) 
 
(b) Circumferential segmentation for the RV free wall (Red region) 
Figure 3.7: Biventricular longitudinal and circumferential segmentation 
Furthermore, a 12-segment model is applied to the RV free wall (depicted in Figure 
3.8) and segment names are summarized in Table 3.1. Specifically, the RV free wall was 
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divided into circumferential fourths (anterior, anteriorlateral, inferiorlateral and infer ior 
segments) and longitudinal thirds (basal, middle, and apical segments). The anterior and 
inferior segments also include a part of the RV outflow tract and a part of the RV inflow 
tract (depicted in the Figure 3.9) which are usually included in the RV segmentation model 
in LA views (Auger et al., 2012; Hurst, 1988). 
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Figure 3.8: A 12-segment model at RV free wall 
Table 3.1: Notation of segments in RV free wall 
Anterior segments Anterolateral segments  Inferolateral segments Inferior segments  
1. Basal anterior 2. Basal anterolateral 3. Basal inferolateral 4. Basal inferior 
5. Middle anterior 6. Middle anterolateral 7. Middle inferolateral 8. Middle inferior 
9. Apical anterior 10. Apical anterolateral 11. Apical inferolateral 12. Apical inferior 
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Figure 3.9: RV segmentation model in LA view (Hurst, 1988) 
 
3.2.5 Statistical Analysis 
All data are presented as mean ± standard deviation. Comparisons between 4 groups 
were performed using one-way ANOVA with Student's t-tests, while comparisons between 
2 groups were conducted with unpaired Student's t-test assuming equal variances. A value 
of p < 0.05 was considered significant. 
 
3.3 Result 
3.3.1 Distribution of Peak Systolic Strains at Base and Mid-ventricle of RV 
Peak strains at base and mid-ventricle of RV are represented in Figure 3.10. There was 
no significant difference both in peak circumferential strain (Ecc) and peak longitud ina l 
strain (Ell) between base and middle segments of the RV free wall. At base, no differences 
were noted between peak circumferential strain (Ecc) and peak longitudinal strain (Ell). 
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However, peak circumferential strain (Ecc) was significantly higher than peak longitud ina l 
strain (Ell) at mid-ventricle. 
 
 
Figure 3.10: Distribution of peak systolic strains at base and mid-ventricle of RV 
 
3.3.2 Distribution of Peak Systolic Strains in the RV Base 
As presented in Figure 3.11a, no differences were found in circumferential strain (Ecc) 
among the anterior, anterolateral, inferolateral, and inferior segments of the RV basal free 
wall. Nevertheless, longitudinal strain (Ell) in the RV basal free wall was significantly lower 
in anterior segment compared to anterolateral, inferolateral, and inferior segments, 
respectively (Figure 3.11b). 
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(a) Ecc                             (b) Ell 
Figure 3.11: Distribution of Peak Systolic Strains in the RV Base 
 
3.3.3 Distribution of Peak Systolic Strains in the RV Mid-ventricle 
Circumferential strain (Ecc) exhibited similar peak systolic values in the anterior, 
anterolateral, inferolateral, and inferior segments of the RV middle free wall (Figure 3.12a). 
However, longitudinal strain (Ell) in the RV middle free wall was significantly lower in 
anterior segment compared to anterolateral, inferolateral, and inferior segments, 
respectively (Figure 3.12b). 
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(a) Ecc                             (b) El l 
Figure 3.12: Distribution of Peak Systolic Strains in the RV mid-ventricle 
 
3.4 Discussion 
In the current study, the circumferential and longitudinal strains were investigated over 
the base and the mid-ventricle of the RV free wall of healthy rats. 
The average peak circumferential strain (Ecc) is -0.20 ± 0.01 at base and -0.21 ± 0.02 
at mid-ventricle, which is in a good agreement with the previous study using DENSE (-
0.19 and -0.19, respectively) (Suever et al., 2017), and the strains resolved using strain-
encoding (SENC) are -0.18 and -0.18, respectively (Hamdan et al., 2008), and -0.20 and -
0.19, respectively (Youssef et al., 2008), consistent with the findings of the present study. 
Additionally, the average peak longitudinal strain (Ell) is -0.16 ± 0.02 at base, which is in 
agreement with the value of -0.16 reported by Fine et al. (2013b). In the current study, the 
mid-ventricle value was -0.18 ± 0.02, which is consistent with the reported values of -0.18 
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(Suever et al., 2017) and -0.18 (Hamdan et al., 2008). Moreover, peak circumferential strain 
(Ecc) is significantly higher than peak longitudinal strain (Ell) at mid free wall (-0.21 ± 0.02 
vs. -0.18 ± 0.02, p < 0.002). It indicates that circumferential shortening predominates over 
longitudinal shortening in the myocardial deformation of RV middle free wall, as was also 
the case (-0.23 vs. -0.15, p < 0.001) in the study of Pettersen et al. (2007) who used tagged 
MRI. 
The present study also quantified the circumferential and longitudinal strains in the 
different circumferential segments of the RV free wall. First of all, no regional differences 
in the SA view were found for the peak circumferential strain (Ecc) neither at base nor at 
mid-ventricle. This is consistent with the observation in healthy humans by Vigneault et al. 
(2016) who used SSFP to assess Ecc regionally. Furthermore, regional differences in 
longitudinal strain (Ell) were solely detected in the anterior segment not only at base but 
also at mid-ventricle of RV free wall. This finding can be elucidated in two perspectives. 
From the perspective ventricular kinematic deformation, the significant difference in 
longitudinal strain estimated in the anterior segments resulted from the combination of LV 
and RV twists. The LV torsion was previously reported as positive CL shear angle at base 
and mid-ventricle (Rüssel et al., 2009; Zhang et al., 2017; Zhong et al., 2011). As positive 
torsion was defined as counterclockwise rotation when viewed from the apex (illustrated  
in Figure 3.1), the LV twisted toward the RV anterior segments at base and mid-ventric le. 
Considering a part of the RV outflow tract (depicted in the Figure 3.9) was included in the 
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basal and mid-ventricular anterior segments, the resistive role of the RV outflow tract was 
revealed in preventing the high pressure induced in the free wall from impairing the 
pulmonary artery which is sensitive to pressure (Armour et al., 1970). Resistance at the 
anterior side of RV was generated from the RV outflow tract against the LV twist toward 
RV. For one thing, the mechanism of longitudinal activation of RV free wall has been 
verified electrophysiologically (Meier et al., 1980), echocardiographically (Pettersen et al., 
2007), and radiologically (Pettersen et al., 2007). The contraction of RV free wall starts at 
the apex, followed by a longitudinal propagation towards outflow tract. Since the resistance 
was primarily driven in the longitudinal direction, the regional difference was absent in 
circumferential strain. For another thing, the overall torsion is significantly lower in the RV 
compared to the overall LV torsion (Pettersen et al., 2007), indicating the body of RVFW 
was compliant with the motion of LV inferior wall which is consistent with the findings of 
the absent resistance in the body of RVFW (Armour et al., 1970). Thus, the significant 
difference was solely occurred at the anterior side instead of the body of RVFW. 
Additionally, the resistance at the anterior RVFW and the compliance in the body of RVFW 
were supposed to counteract on LV, resulting in regional difference in LV deformation 
between the anterior and inferior sides of LV. And this assumption is supported by the 
finding in previous studies on healthy rats that the torsion at mid-ventricle of LV was 
significantly lower at the anterior side compared to the inferior side (p < 0.0001) (Zhang et 
al., 2017). Accordingly, the overall effect of withholding the longitudinal shape in the 
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anterior segments of the basal and mid-ventricular RVFW resulted in a significantly 
reduced longitudinal strain in those segments. 
 
Figure 3.13: Schematic of torsion direction as viewed form the apex. 
White curve represents basal epicardial border. 
 
In the current study, most of the location points (black dots in Figure 3.14) with 
positive longitudinal strain (relaxation) at end systole were found near the anterior RV 
insertion site. Since the anterior septal insertion was inside the basal and mid-ventricular 
anterior segments, the complexity of the deformation at the RV insertions altered the 
average longitudinal strains in the anterior segments. Besides, either morphologic or 
physiologic differences have been discovered at the septal insertions in the RV myocardium 
under PH (Blyth et al., 2005; Sanz et al., 2007; Shehata et al., 2011), PAH (McCann et al., 
Inferior 
Anterior 
Chest side 
C.C.W. 
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2007), and hypertrophic cardiomyopathy (Bravo et al., 2016). More importantly, previous 
study reveal that two septal regions vary in both fiber architecture and fiber compliance 
(Armour and Randall, 1970), which may explain the strain difference occurring at the 
anterior side but not the inferior side. 
 
Figure 3.14: Positive longitudinal strain values (black dots) found at end systole near 
the insertion of the rat RV scanned on Nov. 01, 2015. 
Magenta curve represents basal epicardial border seen from the apex. 
 
Another point worth to be mentioned is that, at base and mid-ventricle, no significant 
differences in circumferential strain (MRI tagging) were found between the anterior and 
inferior RV insertions not only in healthy individuals but also in the patients with PH 
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(Shehata et al., 2011). More interestingly, at base and mid-ventricle, the longitudinal strain 
(SENC) was also reported to be lower in anterior RV insertion compared to inferior RV 
insertion in healthy RV, whereas the differences became significant under PH (Shehata et 
al., 2011). Accordingly, a significantly reduced longitudinal strain potentially existed at the 
anterior side of basal and middle RVFW in the control group but SENC was not sensitive 
enough to detect it. However, under PH, since the RV outflow tract (anterior free wall) 
resisted harder against the increased pressure in the pulmonary artery, the difference in 
longitudinal strain between the anterior and inferior RV insertions became so significant 
that SENC was adequate to detect it. On the other hand, the present findings imply the 
difference between the anterior and inferior RV insertions of healthy RV was significantly 
revealed in longitudinal direction of deformation by a highly reproducible technique for  
precise measurement (DENSE). 
 
3.5 Limitations 
Since only normal rat RV was investigated, one limitation is that no observations were 
conducted on the RV with known cardiomyopathy or under treatments. Future work is to 
assess RV function in animals with cardiac dysfunction. The sample size was 7 animals in 
the current study. However, a smaller sample size (5) was used in the study on RV strains 
in pig (Zhang et al., 2013). 
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The 3D DENSE data was obtained by stacking multiple 2D SA slices with same 
thickness and orientation instead of a volumetric scan. As the orientation of SA slices was 
defined as the transmural direction of mid-ventricular septum, the orientation of the basal 
slice did not align with the transmural direction of basal septum. This resulted in blurring 
of the phase image in the apical slice, since more mixing between the displacements from 
blood pool and myocardium occurs near the ventricular border. Thus, the image quality of 
the apical slice was inadequate for resolving the RV strains. 
Additionally, RV radial strain analysis was not included in the present study. This is 
due to the extremely thin wall in murine RV, which means an improved DENSE pulse 
sequence is required for higher spatial resolution with sufficient signal to noise. Thus, RV 
radial strain analysis, even the transmural difference in strains, will be a future focus. 
However, cine DENSE CMR has been proven to have high inter-observer and inter-
test reproducibilities in RV (Suever et al., 2017). Therefore, the drawbacks did not 
jeopardize the goal of the present study, which was mainly designed to use a highly 
objective method to provide a baseline reference of RV circumferential and longitud ina l 
strains for future extensive studies using rat models to study heart disease and treatments. 
 
3.6 Conclusion 
A preliminary study was performed on regional RV strains in the healthy rat heart using 
DENSE, a technique shown to have highly reproducible results in rodent (Haggerty et al., 
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2013b). A detailed baseline profile of right ventricular circumferential and longitud ina l 
strains was acquired non-invasively from DENSE CMR images. Average basal and mid-
ventricular strains agree with the findings of previous studies (Fine et al., 2013b; Hamdan 
et al., 2008; Suever et al., 2017; Youssef et al., 2008). Despite no regional differences in 
peak circumferential strain, peak longitudinal strain exhibited regional difference both at 
base and at mid-ventricle, which could be related to the differences in LV and RV twists, 
mechanical activation of RVFW, and fiber structure and material response of two septal 
insertions. 
 
3.7 Clinical Implications 
The normal state of cardiac mechanics in RV was investigated, which may serve as a 
baseline in prognostic information. Combining this with the conventional clinical variables 
can be used in a comprehensive evaluation for early detection of right ventricular 
dysfunction. By using a reliable noninvasive method, this approach may help to elucidate 
clinical risk factors from MRI for cardiovascular diseases.  
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Appendices 
Appendix A – Abbreviations 
ARVC Arrhythmogenic Right Ventricular Cardiomyopathy 
AV Atrioventricular 
AVPD Atrioventricular Plane Displacement 
CMR Cardiac Magnetic Resonance 
CHF Congestive Heart Failure 
CoV Coefficient of variation 
CSO Contour Segmentation Objects 
DENSE Displacement ENcoding via Stimulated Echoes 
DICOM Digital Imaging and Communications in Medicine 
Dob Dobutamine 
ECG Electrocardiogram 
ES End Systole 
ED End Diastole 
HLA Horizontal Long-Axis 
HARP Harmonic Phase 
HF Heart Failure 
LAD Left Anterior Descending (Artery) 
LCX Left Circumflex 
LV Left Ventricle 
MRI Magnetic Resonance Imaging 
PAH Pulmonary Arterial Hypertension 
PH Pulmonary Hypertension 
PVR Pulmonary Valve Replacement 
RV Right Ventricle 
RVEDV Right Ventricular End-Diastolic Volume 
RVEF Right Ventricular Ejection 
RVFW Right Ventricular Free Wall 
RVSV Right Ventricular Stroke Volume 
RCA Right Coronary Artery 
SA Short Axis 
SPAMM Spatial Modulation of Magnetization 
SNR Signal-to-noise Ratio 
SSFP Steady State Free Precession 
TOF Tetralogy of Fallot 
VLA Vertical Long-Axis 
WEM Winged Edge Mesh 
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